A previous study demonstrated that Lysyl oxidase-like 2 (LOXL2) serves an essential role in matrix remodeling and fibrogenesis, thus indicating its involvement in fibrosis-associated diseases. Our previous studies revealed a novel association between LOXL2 expression and pulmonary fibrosis in mice. However, the exact role and mechanisms of LOXL2 in interstitial lung disease remain poorly understood. The present study aimed to detect LOXL2 expression in mice with bleomycin (BLM)-induced pulmonary fibrosis, and explore the effects of silencing LOXL2 on the proliferation, activation and fibrosis process of mouse lung fibroblasts (MLFs). In addition, the present study investigated the association between LOXL2 and the transforming growth factor-β (TGF-β)/Smad signaling pathway to identify the mechanism underlying the role of LOXL2 in fibrosis progression. An animal model of pulmonary fibrosis was established by administering an intratracheal injection of 5 mg/kg BLM to c57BL/6 mice. ELISA and immunohistochemical examination were used to detect the LOXL2 level in the serum, lung homogenate and pulmonary tissues in mice. Pulmonary tissues of mice were extracted to culture primary MLFs, and a LOXL2 small interfering RNA adenovirus vector was established to silence LOXL2 in MLFs. cell proliferation was detected using the cell counting kit-8 assay. Reverse transcription-quantitative polymerase chain reaction and western blotting were used to measure the expression of LOXL2, TGF-β1, Smad2/3, phosphorylated (p)Smad2/3, Smad4, and Smad7 and Snail in cells. Interleukin-6 (IL-6) and type 1 collagen α1 (cOL1A1) in the supernatant of cells were analyzed by ELISA. It was demonstrated that LOXL2 expression was significantly increased in serum, lung homogenate and pulmonary tissues of mice with BLM-induced pulmonary fibrosis compared with control mice. Furthermore, silencing LOXL2 significantly decreased MLF proliferation, and the levels of IL-6 and cOL1A1 in the supernatant of cells. Furthermore, silencing LOXL2 inhibited the expression of pSmad2/3, Smad4 and Snail, while it promoted Smad7 expression. The present data provides a comprehensive analysis of the LOXL2 in pulmonary fibrosis and indicates prominent roles for LOXL2 in fibrogenesis via regulation of the TGF-β/Smad signaling pathway.
Introduction
Interstitial lung disease represents a group of diseases involving diffuse lung parenchyma injury, alveolar inflammation and interstitial fibrosis as the basic pathological lesions. These diseases are characterized by a gradual deterioration of pulmonary functions in the majority of patients, eventually developing into extensive pulmonary fibrosis leading to respiratory failure (1) . The pathogenesis involves a variety of cells, including alveolar epithelial cells and lung fibroblasts, inflammatory cytokines, as well as transforming growth factor (TGF)-β1 signal transduction (2) (3) (4) (5) . The incidence rate per 100,000 people has been reported to range between 10 and 60 cases in the United States and appears to increase with age, but the pathogenesis remains elusive (6, 7) . due to the varied clinical manifestations and pathological types, clinical treatment is unsatisfactory. Once extensive fibrosis occurs, the treatment options are further limited, increasing the risk of mortality (8, 9) . Therefore, the pathogenesis underlying and potential therapeutic targets of pulmonary fibrosis require further investigation.
LOXL2, a copper-dependent monoamine oxidase, activates lung fibroblasts through the TGF-β/Smad pathway
Lysyl oxidase (LOX) is a copper-dependent amine oxidase that consists of four members (LOX-like 1-4) located in the extracellular space and nucleus, among which LOX-like 2 (LOXL2) serves an essential role in matrix remodeling and fibrogenesis (10) (11) (12) . A previous study demonstrated that LOXL2 is involved in epithelial-mesenchymal transition, extracellular matrix deposition, and occurrence and progression of fibrosis-associated diseases (13) . Barry-Hamilton et al (14) reported that the expression of LOXL2 elevated significantly in pulmonary tissues of mice with pulmonary fibrosis, whereas the fibrosis process was inhibited by LOXL2-specific antibody treatment. Another study demonstrated that LOXL2 was highly expressed in the pulmonary fibroblasts of patients with idiopathic pulmonary fibrosis, and essential in the transition of fibroblasts to myofibroblasts (15) . Although LOXL2 is involved in the occurrence and progression of pulmonary fibrosis, its specific roles and mechanisms require further investigation.
A large amount of extracellular matrix is produced by fibroblasts and the transition of fibroblasts to myofibroblasts is one of the primary characteristics of pulmonary fibrosis (16) . the TGF-β1 signaling pathway has been implicated in the development of pulmonary fibrosis, with the classical tGF-β1/Smad being one of the most important pathways (17) . TGF-β1 acts on target cells through the transmembrane receptors, leading to the phosphorylation of Smad2 and Smad3. Phosphorylated Smad2/3 binds to Smad4 to enter the nucleus. Following nuclear translocation, the Smad protein compound interacts with transcription factor Snail to regulate the transcription of fibrosis-associated genes in the downstream. Inhibitory smads (Smad6 and Smad7) promote the degradation of TGF-β1 and inhibit the activation of the TGF-β1 signaling pathway (18, 19) . A previous study revealed that following the knockout of LOX in c57BL/6 mice, the expression of TGF in the bronchoalveolar lavage fluid (BALF) is downregulated and the proportion of pSmad2/3-positive cells in the pulmonary tissues decreases, suggesting an association between LOX and the TGF-β signaling pathway (18) . Although LOXL2 is implicated in the occurrence and development of pulmonary fibrosis, and LOX may act through the TGF-β signaling pathway, studies on the specific effects of LOXL2 on the proliferation and fibrosis progression of lung fibroblasts of bleomycin (BLM)-induced pulmonary fibrosis in mice, as well as the involvement of LOXL2 in the progression of pulmonary fibrosis through the TGF-β1/Smad signaling pathway, are limited (20, 21) .
Therefore, mice models with BLM-induced pulmonary fibrosis were used in the present study, and the expression of LOXL2 in serum, lung homogenate and pulmonary tissues was observed. Then, the pulmonary tissues of mice were extracted to culture primary MLFs, and the cells were transfected using LOXL2 short interfering RNA (siRNA). The effects of LOXL2 silencing on the proliferative ability, and the expression of inflammatory factors interleukin (IL)-6 and extracellular matrix type 1 collagen α1 (cOL1A1) involved in fibrosis progression were determined in vitro. In addition, the effects of LOXL2 siRNA on the expression of key factors in the TGF-β1 signaling pathway were also noted. Further investigations were performed to examine the effect of LOXL2 on the occurrence of pulmonary fibrosis and its regulatory mechanism in the TGF-β/Smad signaling pathway, providing experimental evidence for the identification of potential therapeutic targets of pulmonary fibrosis.
Materials and methods
Major reagents. c57BL/6 mice were purchased from Beijing Vital River Laboratory Animal Technology co., Ltd. (Beijing, china), and 293 cells and the adenovirus vector PGMAV-S1 were provided by Lemo Biotechnology (Hebei, China). BLM was purchased from Nippon Kayaku co., Ltd. (Tokyo, Japan Table I .
Four single-strand dNAs were synthesized, which formed double-strand dNA (dsdNA) via annealing. The dsdNA was bound to linearize adenovirus vector PGMAV-S1 following double-enzyme digestion by BamHI and HindIII. The ligations were transformed into Escherichia coli DH5α, and positive clones were selected. Plasmids were extracted and gene sequencing was performed to identify the recombinants.
A large number of recombinant plasmids were prepared, and 293 cells were then transfected with siRNA through mediation by liposomes using Lipofectamine 2000. Following the purification and determination of the virus titer, the recombinant adenovirus was packaged and stored at -80˚C for subsequent use. Eventually, a total of 1.0x10 10 plaque-forming units (PFUs)/ml LOXL2 siRNA adenovirus vectors together with 1.1x10 9 PFUs/ml negative control siRNA were harvested.
Construction and identification of animal models with pulmonary fibrosis. A total of 16 c57BL/6 male mice, aged 7-8 weeks and weighing 17-20 g, were pre-fed a normal diet with standard feed in a new environment for 1 week and kept in an environment of 20-22˚C with 50-60% relative humidity. Furthermore, the mice were housed in a 12-h light/12-h dark cycle, the background noise was kept <60 decibels, and the ammonia concentration was kept <20 ppm. The mice had free access to fresh and clean water as well as adequate feedstuff with balanced nutrition. They were randomly divided into control (saline injection) and BLM groups (intratracheal injection was performed once at a dose of BLM 5.0 mg/kg), with eight mice in each group. Pulmonary fibrosis models were identified by imaging examination and pathological morphology 14 days after completing BLM treatment. The serum of mice was used to prepare lung homogenate following the successful construction of the models for subsequent experiments. For imaging evaluation, mice anesthetized with a 5% 300 mg/kg chloral hydrate intraperitoneal injection were placed in the fixed device of the computed tomography (Ct) machine (Siemens AG, Munich, Germany) in a supine position. The cT machine was set to an appropriate position to perform the spiral scan of the whole lung with the parameters including layer thickness of 0.625 mm, 120 kV and 100 mA. The scanning conditions and parameters were consistent in the two groups, and Mimics 15.0 software (Materialise NV, Leuven, Belgium) was used for analysis. For pathological morphology analysis, a section of the pulmonary tissues was fixed with 4% paraformaldehyde overnight at room temperature, dehydrated in varying concentrations of ethanol, paraffin-embedded, and sliced into 3-5-mm thick sections. the tissues were then stained with hematoxylin and eosin (H&E), and Masson's trichrome staining. For H&E staining, tissue slices were stained with 90% hematoxylin dye solution for 10-15 min, allowed to differentiate for 30 sec and then stained with 0.5% eosin dye solution for 2 min. For Masson's staining, tissue slices were stained with 98% Weigert hematoxylin for 10 min, differentiated with 1% phospho molybdate solution for 10 sec and returned to blue using 1% Masson blue liquor for 5 min. slides were then dyed with 1% Li Chunhong's magenta for 5 min followed by 2% aniline blue dyeing solution for 1-2 min. All of the aforementioned staining procedures were performed at room temperature. Subsequently, pulmonary tissue inflammation, morphological changes and fibrosis degree were observed with an optical microscope using x20 magnification (Olympus BX43; Olympus Corporation, tokyo, Japan).
Culture and identification of primary MLFs. Pulmonary tissues were selected from the control and BLM model groups. The pleura and blood vessels were removed, and the tissues were cut into tissue blocks of the size of ~1 mm 3 . A 25-cm 2 culture flask was coated with Dulbecco's modified Eagle's medium (DMEM) (Invitrogen; thermo Fisher scientific, Inc.) containing 10% fetal bovine serum (HyClone; GE Healthcare Life Sciences, Logan, UT, USA), and the 1-mm 3 tissue blocks were attached to the bottom of the culture flask evenly. then, 5 ml of dMEM/F-12 medium containing 10% fetal bovine serum was added to cover the tissue blocks following adhesion in 5% CO 2 at 37˚C for 12 h. Once the cells reached the fusion state, 0.25% trypsin was added, and the cells were passaged at a ratio of 1:3 until the third generation. The cells were cultured until 90% confluent, fixed with 4% paraformaldehyde for 30 min, incubated with 0.2% triton X-100 for 5 min and blocked 5% bovine serum albumin (Wuhan Boster Biological technology, Ltd., Wuhan, China) for 30 min (all performed at room temperature). cells were then incubated with the PBS-diluted α-smooth muscle actin (α-SMA) mouse monoclonal antibody (cat. no. A5228; 1:300; Sigma-Aldrich; Merck KGaA) at 37˚C for 1 h, followed by incubation with the goat anti-rabbit phycoerythrin-conjugated secondary antibody (cat. no. 11828681001; 1:1,000; Sigma-Aldrich; Merck KGaA) for 1 h at room temperature. Then, the cells were observed under an inverted fluorescence microscope (Olympus IX71; Olympus Corporation) at magnifications x200 and x400 to identify MLFs.
Infection of MLFs with adenovirus siRNA. The MLF fusion degree in the control and BLM groups was 60-80%. Plating was performed using a 6-well plate at the inoculation density of 1x10 5 cells/ml. MLFs of the BLM model group were divided into four groups: BLM, control siRNA, LOXL2 siRNA1, and LOXL2 siRNA2. The cells in the latter three groups were transfected with control siRNA, LOXL2 siRNA1, and LOXL2 siRNA2, respectively, with a multiplicity of infection of 100 for 2 h at 37˚C. the cells were continuously cultured for 48 h after transferring them to the fresh culture medium (dMEM).
A FAcScan system (Bd Biosciences, San Jose, cA, USA) was used in flow cytometry to observe the infection efficiency. the infection efficiency was >70%. the cells and supernatant were collected.
Detection of cell proliferation using the Cell Counting kit-8 assay. The cells were counted and inoculated into 96-well plates with 100 µl of cell suspension/well (1x10 3 cells/well). Each sample was repeated in triplicate. The cells were precultured in an inoculator containing 5% CO 2 at 37˚C for 24 h, and 10 µl of ccK-8 solution was added to each well, followed by incubation for 1-4 h. The absorbance values at 450 nm were measured using a microplate reader. Three biological replicates were performed and each experiment was repeated three times.
Detection of gene expression in MLFs using reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted using the RNAsimple Total RNA kit according to the manufacturer's protocol following transfection of MLFs for 48 h. Then, it was reverse transcribed to synthesize cdNA using the PrimeScript RT reagent kit using the following temperature protocol: 37˚C for 15 min; 85˚C for 5 sec; and 4˚C for 5 min. the mRNA level was amplified and detected using SYBR PrimeScript plus RT-PcR kit according to the manufacturer's protocol. The primers were designed and synthesized (Table II) . The thermocycling conditions for qPcR were as follows: 95˚C for 30 sec; 60˚C for 30 sec; and 72˚C for 30 sec, with a total of 40 cycles. RT-qPcR was performed using ABI Prism 7500 (Applied Biosystems; Thermo Fisher scientific, Inc.). GAPDH was used as the internal reference and the relative expression of genes was calculated using the 2 -ΔΔcq method (22) . The experiments were performed at least three times.
Detection of protein expression in MLFs using western blotting. Protein was extracted from MLFs by pyrolysis using the ProteoPrep Total Extraction Sample kit and detected using the Bicinchoninic Acid kit according to the manufacturers' protocols. The protein samples were adjusted to the same concentration. Equal amounts of total protein (50 µg/10 µl/lane) were separated using on 10% sDs-PAGE gels and then electro transferred to a nitrocellulose membrane. Next, membranes were blocked with 5% skimmed milk powder for 1 h at room temperature. The proteins were incubated with the primary antibodies against rabbit anti-mouse LOXL2 (1:2,000), TGF-β1 (1:500), Smad2/3 (1:500), Phospho-Smad2/3 (1:500), Smad4 (1:500), smad7 (1:500), snail (1:500) and GAPDH (1:5,000) at 4˚C overnight. then, the membranes were incubated with the horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (1:5,000) for 1 h at room temperature, followed by exposure and development using Immobilon EcL Ultra Western HRP substrate (Merck KGaA).
Detecting the expression of LOXL2 in serum and lung homogenate, and the IL-6 and COL1A1 levels in cell supernatant using ELISA. The serum of mice was collected and lung homogenate was prepared (0.5 g tissues were mixed with 5 ml of precooled PBS). The tissues were thoroughly ground in a glass homogenizer on ice. After a freeze-thaw cycle (freezing at -20˚C and then dissolving at room temperature three times), the cell membrane was cracked and centrifuged at 1,006 x g for 5 min at 4˚C followed by the removal of the supernatant. The supernatant was retained for the ELISA cell experiments. ELISA was performed according to the protocols of the LOXL2, IL-6 and cOL1A1 ELISA kits.
Detection of the expression of LOXL2 in pulmonary tissues in mice using immunohistochemical analysis. The paraffin-embedded slices were baked at 67˚C, dewaxed in xylene, and then rehydrated in a descending ethanol series. The slices were washed with PBS. Antigen retrieval was performed by boiling at 95˚C. the activation of endogenous peroxidase was blocked by incubation of slices in 50 µl of peroxidase at room temperature for 10 min. Following washing with PBS, the slices were blocked with goat serum (Wuhan Boster Biological Technology, Ltd.) at room temperature for 10 min. Then, the serum was removed, and 50 µl of primary antibody against LOXL2 (1:100) was added and incubated overnight at 4˚C. Following washing with PBs, slices were incubated with 1-2 drops of goat anti-rabbit IgG secondary antibody (1:5,000) at room temperature for 10 min. Then, streptavidin biotin-peroxidase solution was added for 30 min at room temperature, followed by the addition of 100 µl of 3,3'-diaminobenzidine coloring solution for 3-10 min. subsequently, 90% hematoxylin re-staining was performed for 5 min, followed by gradient dehydration (70% ethanol, 1 min; 80% ethanol, 1 min; 95% ethanol, 2 min), 0.1% HCl differentiation (3 min), 0.1% ammonia treatment (1-2 min) and drying, which were all performed at room temperature. The slices were observed with an optical microscope at x20 magnification (Olympus BX43; Olympus corporation).
Statistical analysis. The experimental data were analyzed using the SPSS 17.0 statistical software (SPSS, Inc., chicago, IL, USA). The results are presented as the mean ± standard deviation. Two groups were compared using the independent-samples t-test, while multiple groups were compared using one-way analysis of variance followed by the Fisher's least significant difference or Tamhane's T2 post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results

Construction of mice model with BLM-induced pulmonary fibrosis.
To verify the BLM-induced model of pulmonary fibrosis in mice, a pulmonary Ct scan and histopathological analysis were performed. The pulmonary cT scan revealed that the lung markings of the mice in the control group were regular, with no significant abnormality in the pulmonary parenchyma. However, the Ct manifestations in BLM at 14 days were as follows: Increased bronchovascular shadows; patch lesions; diffuse dot-like patchy shadows; inhomogeneous high-density areas; blurred margins; and involvement of both lungs primarily in the lower field of the lungs (Fig. 1A) . H&E staining demonstrated complete alveolar structure, normal alveolar septum as well as no evident inflammatory infiltration in lungs from mice of control group (Fig. 1B) . In the BLM model, the alveolar septum was widened, the alveolar wall was collapsed or disappeared, and interstitial infiltration was evident with a large number of inflammatory cells. In addition, Masson's trichrome staining revealed that the density of collagen fibers in the alveolar epithelium and bronchial area was markedly increased in the BLM group compared with the control group (Fig. 1B) . Histological analysis revealed BLM-induced architecture destruction and collagen deposition in lungs from mice, suggesting that the mice model of pulmonary fibrosis was constructed successfully.
Expression of LOXL2 in mice of BLM-induced pulmonary fibrosis. As LOXL2 is essential in mediating collagen crosslinking and deposition (13) , whether LOXL2 is involved in BLM-induced lung fibrosis was investigated. First, LOXL2 expression in serum, lung homogenate and pulmonary tissues in mice of BLM-induced pulmonary fibrosis was detected by ELISA and immunohistochemical analysis. As expected, BLM significantly induced LOXL2 expression in the serum and lung homogenate of mice compared with the control group ( Fig. 2A ).
In addition, immunohistochemical analysis revealed that LOXL2 expression was low in the alveolar epithelial cells and partial macrophage cytoplasm in lung tissues of the control group, while in the BLM group, evident expression of LOXL2 was observed in certain alveolar epithelial cells in areas of severe lesions (Fig. 2B) . Thus, LOXL2 may be associated with BLM-induced pulmonary fibrosis.
Transfection efficiency and silencing effect of LOXL2 siRNA adenovirus vectors on MLFs. to further investigate the specific role of LOXL2 in BLM-induced experimental lung fibrosis, LOXL2 silencing was performed on MLFs from mice with pulmonary fibrosis by administration of adenovirus-based LOXL2 siRNA. Following BLM modeling for 14 days, primary MLFs from the lung tissue in the BLM and control groups were isolated and cultured to form a stable cell line. cell morphology analysis revealed primary long spindles, polygonal in shape. Immunofluorescence analysis indicated that red fluorescence protein-labeled α-SMA was extensively expressed in the cytoplasm of primary fibroblasts, conforming to the characteristics of fibroblasts (Fig. 3A) . the results of gene sequencing from the primary fibroblasts were consistent with the two sequences of LOXL2 siRNA and the control siRNA sequence designed in the present study, thus indicating that they were stably expressed ( Fig. 3B-d) . Flow cytometry demonstrated that the transfection efficiency of LOXL2 siRNA in MLFs was >70% (Fig. 3E ). Rt-qPCR demonstrated that LOXL2 mRNA and protein levels in the BLM group were significantly higher compared with that in the control group (Fig. 3F ). In addition, the expression of LOXL2 was significantly decreased in the BLM group following the knockdown with the two siRNAs compared with the BLM only and BLM+sicontrol groups, and there were no difference between the BLM only and BLM+sicontrol groups. The two siRNAs exhibited a marked silencing effect on LOXL2 expression; both decreased LOXL2 expression by >60% (Fig. 3F ) following treatment with LOXL2 siRNA. similar to findings with mRNA expression, LOXL2 siRNA transfection markedly decreased LOXL2 protein expression in MLFs compared with the BLM and control siRNA groups (Fig. 3G) , indicating that the LOXL2 siRNA constructed in the present study efficiently transfected MLFs and silenced LOXL2.
Effects of LOXL2 siRNA on MLF proliferation and expression of fibrosis-associated factors.
As MLFs rapidly proliferate and differentiate into myofibroblasts with the progression of fibrosis, the effect of LOXL2 siRNA on MLF proliferation was assessed. The proliferation rate of MLFs from mice with BLM-induced pulmonary fibrosis elevated significantly at 24, 48, 72 and 96 h compared with that of MLFs from the BLM control group (P<0.01; Fig. 4A ). Following LOXL2 siRNA infection, the proliferation of MLFs in the BLM group declined significantly, particularly after 48 h, compared with the BLM only and control siRNA groups (both P<0.01; Fig. 4A ). In addition, the effects of LOXL2 siRNA on the expression of inflammatory factors IL-6 and extracellular matrix COL1A1 involved in fibrosis progression were observed. IL-6 and cOL1A1 in the MLF supernatant from the BLM group were upregulated significantly compared with MLFs from the control group (P<0.01 and P<0.05, respectively; Fig. 4B and c) . of LOXL2 siRNA on the TGF-β signaling pathway in MLFs was assessed ( Fig. 5 ). RT-qPcR demonstrated that MLFs from mice with BLM-induced pulmonary fibrosis exhibited significant upregulation of TGF-β1 and Snail mRNA (P<0.05 and P<0.01, respectively; Fig. 5A and F), whereas Smad7 mRNA was significantly downregulated compared with the control groups (P<0.01; Fig. 5E ). Following LOXL2 siRNA transfection, the difference in Smad4 mRNA expression between the LOXL2 siRNAs and BLM only groups was significant (P<0.01); however, only LOXL2 siRNA1 induced a significant difference compared with the BLM+sicontrol group, whereas LOXL2 siRNA2 did not induce a significant difference compared with the BLM+sicontrol group. (P<0.05 and P>0.05, respectively; Fig. 5D ). Moreover, the mRNA expression levels of snail were significantly decreased in the siRNAs groups compared with the BLM only and BLM+sicontrol groups (both P<0.01; Fig. 5F ), whereas Smad7 mRNA expression was significantly increased (P<0.01; Fig. 5E ).
In addition, LOXL2 siRNA had no significant effect on the mRNA expression of TGF-β1 and Smad2/3 in MLFs from the BLM group compared with BLM only and BLM+sicontrol groups (P>0.05; Fig. 5A-C) . similar to the mRNA findings, MLFs from the BLM group demonstrated markedly elevated protein levels of TGF-β1, pSmad2/3 and Snail compared with the MLFs from the control group. Following transfection with LOXL2 siRNA, the protein expression of pSmad2/3, Smad4 and Snail in the MLFs decreased markedly compared with the BLM only and control siRNA groups, while the expression of smad7 increased (Fig. 5G ). However, no marked reduction was observed in the protein expression of Smad2/3. Together, these data suggest that LOXL2 siRNA regulated the expression of key factors in the TGF-β/Smad signaling pathway.
Discussion
collagen matrix deposition and interstitial transition of epithelial cells are the primary features of pulmonary fibrosis occurrence and development. The LOX family is involved in the production of collagen matrix, regulation of extracellular matrix deposition and transition of epithelial cells to stroma cells (23) . LOXL2 has been proposed to be structurally and functionally similar to LOX, which has been associated with disease-associated fibrogenesis by promoting the cross-linking of elastin and collagen fibers (24, 25) . Barker et al (26) demonstrated that LOXL2 mediated the crosslinking of the extracellular matrix to promote the activation of fibroblasts and large-scale production of α-SMA. chien et al (24) reported that serum levels of LOXL2 in patients with idiopathic pulmonary fibrosis were associated with the progression of the disease. In addition, it has been reported that inhibition of LOXL2 with an inhibitory monoclonal antibody is efficacious at fibrosis inhibition in murine models of fibrotic disease, including lung fibrosis and liver fibrosis (14) . However, the exact effects of LOXL2 on the pathogenesis of pulmonary fibrosis, particularly its association with pulmonary fibrosis-associated signaling pathways, require further investigation. Consistent with the aforementioned findings, substantial elevation of LOXL2 was observed in the serum and lung homogenate of mice with BLM-induced pulmonary fibrosis. Furthermore, the immunohistochemical analysis revealed BLM induced LOXL2 expression in pulmonary tissues (alveolar wall and interstitium) and the lesion area. Notably, choi et al (27) revealed that LOXL2 was present in the fibrous interstitium and infiltrating mononuclear cells in a mouse model of tubulointerstitial fibrosis, demonstrating one possible mechanism that inflammatory milieu of LOXL2 contributes to fibrosis progression. However, the immunohistochemical results of the present study did not observe evident LOXL2 expression in inflammatory cells. In combination with the current understanding of the role of LOXL2 in pulmonary fibrosis, these findings suggest that LOXL2 may be associated with BLM-induced pulmonary fibrosis. Next, LOXL2 was silenced using siRNA transfection in MLFs from mice with BLM-induced pulmonary fibrosis in order to further investigate the involvement of LOXL2 in pulmonary fibrosis. this enabled the in vitro observation of the effects of LOXL2 on the pathogenesis and progression of pulmonary fibrosis through the proliferation of MLFs, and the expression of factors involving in fibrosis progression in cells. In addition, the effects of LOXL2 silencing on the expression of key factors in the TGF-β/Smad signaling pathway in MLFs were observed, and relevant mechanisms were further investigated.
Following the observation of high levels of LOXL2 in murine models of pulmonary fibrosis, whether LOXL2 is able to facilitate fibroblast proliferation and activation, and hence serve a role in fibrosis progression was investigated. Fibroblast proliferation and their transition to myofibroblasts as well as the large amount of extracellular matrix produced by fibroblasts, are the primary characteristics for the occurrence of pulmonary fibrosis (28), and are implicated in the maintenance and reconstruction of extracellular matrix. Furthermore, pro-inflammatory factor IL-6 and extracellular matrix Col I of myofibroblasts are involved in the proliferation, transformation and stromal deposition of fibroblasts, which are associated with the development of pulmonary fibrosis (29, 30) . Notably, it has been demonstrated that LOXL2 is widely expressed in fibroblasts and serves an important role in fibroblasts activation (26) . In the present study, primary MLFs from mice in the control and BLM-induced pulmonary fibrosis groups were selectively cultured and identified using α-SMA detection. then, MLFs from mice models of pulmonary fibrosis were transfected with LOXL2 siRNA. The data demonstrated that LOXL2 silencing in MLFs from BLM-induced fibrosis exhibited a significant inhibitory effect on MLF proliferation as well as the expression of IL-6 and cOL1A1 compared with MLFs from the BLM group. These results support our previous finding that LOXL2 is involved in fibrosis progression, contributing to the fibrotic lung diseases.
In addition, whether LOXL2 acted synergistically with the TGF-β/Smad signaling pathway was assessed in order to investigate the underlying mechanism. The classical TGF-β1/Smad signaling pathway is one of the signaling pathways involved in the occurrence of pulmonary fibrosis (17) . tGF-β1 acts on the target cells through the transmembrane receptor, thus leading to the phosphorylation of Smad2 and Smad3. Subsequently, phosphorylated Smad2/3 binds to Smad4 and enters the nucleus to form a Smad protein compound that interacts with the transcription factor Snail, regulating the transcription of fibrosis-associated genes downstream; however, the activation of this pathway is inhibited by smad7 (17) (18) (19) . Whether LOXL2 is the upstream molecule of the TGF-β1/Smad signaling pathway remains controversial. A previous study revealed that the expression of LOXL2 was significantly increased following the stimulation of airway epithelial cells by TGF-β (15) . Silencing LOXL2 completely abrogated the inhibitory effects of corilagin on TGF-β1-induced epithelial-mesenchymal transition in A549 cells (21) . However, another study reported that LOXL2 inhibition impaired fibroblast activation in in vivo models of fibrosis, and led to reductions in tGF-β signaling (14) . In addition, Millanes-Romero et al (13) demonstrated that LOXL2 affected the transcription of Snail, subsequently inducing the transition of epithelial cells to stromal cells. Peinado et al (31) revealed that LOXL2 downregulated the expression of E-cadherin in coordination with transcription factor Snail to promote the epithelial-mesenchymal transition. The aforementioned studies suggested that LOXL2 is associated with the TGF-β1/Smad signaling pathway. In the present study, the gene and protein expression of the aforementioned factors in the TGF-β1/Smad signaling pathway were detected, and the effects of LOXL2 on these factors were observed. The results indicated that silencing LOXL2 in MLFs from mice with BLM-induced fibrosis inhibited the gene and protein expression of Smad4 and Snail, as well as the protein expression of pSmad2/3, thereby upregulating the expression of inhibitory factor smad7. However, no significant effects were observed on the expression of TGF-β1 and Smad2/3. These results suggested that LOXL2 regulated Smad2/3 phosphorylation, and the expression of Smad4 and Snail in the TGF-β1 signaling pathway, subsequently causing an effect on the expression of inhibitory factor smad7. However, LOXL2 did not regulate the expression of TGF-β, suggesting that LOXL2 may be located downstream of TGF-β or that they interact indirectly. Furthermore, the results of the present study demonstrated that silencing LOXL2 did not affect the expression of Smad2/3, while it affected its phosphorylation level, indicating that Smad2/3 phosphorylation rather than its own expression was a key factor in the pathogenesis of fibrosis. These data revealed an association between LOXL2 and the TGF-β/smad signaling pathway in fibrotic progression.
The current study demonstrated that the expression of LOXL2 in serum and pulmonary tissues of mice with BLM-induced pulmonary fibrosis were significantly elevated compared with control mice. MLFs from mice with BLM-induced pulmonary fibrosis were used in subsequent experiments. LOXL2 siRNA inhibited the proliferation of MLFs in BLM-induced fibrosis and regulated the expression of important factors, including pSmad2/3, Smad4, Smad7 and Snail in the TGF-β/Smad signaling pathway, suggesting that LOXL2 was involved in the fibrosis progression through regulation of the TGF-β/Smad signaling pathway. Furthermore, this study provided an experimental basis for an in-depth study of LOXL2 in the pathogenesis of pulmonary fibrosis and its potential as the therapeutic target. However, numerous questions remain to be addressed, including whether LOXL2 is involved in inflammation associated to BLM-induced fibrosis, how it interacts with TGF-β1, whether TGF-β1 regulates LOXL2 or LOXL2 regulates TGF-β1, and what the underlying mechanism of LOXL2 is. In addition, the association between LOXL2 and TGF-β non-Smad signaling pathways requires further investigation.
In conclusion, the present study investigated the effects of LOXL2 expression in pulmonary fibrosis, and effect on the proliferation, activation and fibrosis process of MLFs. Furthermore, these results indicate a regulatory role for LOXL2 in fibrogenesis via the tGF-β/Smad signaling pathway. Based on these findings, we hypothesize that LOXL2 participates in the pathogenesis of pulmonary fibrosis and may be a simultaneous therapeutic target.
